The identification of normal and cancerous stem cells and the recent advances made in isolation and culture of stem cells have rapidly gained attention in the field of drug discovery and regenerative medicine. The prospect of performing screens aimed at proliferation, directed differentiation, and toxicity and efficacy studies using stem cells offers a reliable platform for the drug discovery process. Advances made in the generation of induced pluripotent stem cells from normal or diseased tissue serves as a platform to perform drug screens aimed at developing cell-based therapies against conditions like Parkinson's disease and diabetes. This review discusses the application of stem cells and cancer stem cells in drug screening and their role in complementing, reducing, and replacing animal testing. In addition to this, target identification and major advances in the field of personalized medicine using induced pluripotent cells are also discussed.
Introduction
The advent of technology and a plethora of experimental work have unequivocally established the existence of stem cells in many tissues. [1] [2] [3] [4] [5] [6] [7] [8] Cell self-renewal, ie, the ability to produce an identical copy of itself, and multipotency, ie, the ability to generate cells different from itself, are fundamental characteristics of a stem cell. The ability to self-renew or be multipotent varies between different stem cells and is referred to as "stemness". 9 These are unique qualities that have allowed both academia and industry to foresee the application of stem cells in various diseases/disorders and medical challenges, like Parkinson's disease, Alzheimer's disease, diabetes, multiple sclerosis, heart disease, cancer, spinal cord injury, wound healing, and organ transplantation ( Figure 1) . [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Recent advances in the treatment of graft versus host disease 23 and the success of hematopoietic stem cell transplants 21 have made it possible to envisage stem cells as a potential reservoir to meet our unmet medical needs.
In addition to the wide array of applications in the field of regenerative medicine, the possibility of performing high-content drug screens as well as toxicity and efficacy studies has enabled stem cells to become a valuable resource in the field of drug discovery and pharmaceutical research. 24, 25 The recent demonstration of reprogramming of somatic cells into "embryonic stem cell-like" induced pluripotent stem cells 26, 27 has revolutionized pharmaceutical research by linking human disease, patient specificity, and drug discovery. This process could not only lead to the development of various cellular therapies, but also push the boundaries of personalized medicine. The availability and ever-evolving methodologies used to isolate human (or animal) embryonic stem cells, adult tissue-specific neural stem cells, and human induced pluripotent stem cells 28 have led to the development of various high throughput and combinatorial screening technologies, [29] [30] [31] thereby augmenting the role of stem cell models in drug discovery.
Stem cells as in vitro models for drug discovery
Drug testing using in vitro models has been a major boost, not only in identifying potential therapeutic compounds, but also in increasing our understanding of their absorption, distribution, metabolism, and excretion (ADME) properties. 32 The development of various in vitro ADME models has made a clear impact on the pathway towards modernizing and accelerating drug discovery and development. A clear proof of principle can be seen in the case of terfenadine in the late 1980s, 33 whereby use of an in vitro ADME system enabled researchers to understand torsades de pointes, an often fatal cardiac arrhythmia. 33, 34 Tumor-derived or engineered immortalized cells obtained from human (or animal) sources have been the most common in vitro models used by the biotechnology and pharmaceutical industries. 35, 36 While these cell lines have the advantages of convenience and scalability of the screening process, they show high variability in their growth, abnormal genotype, and physiological response to drugs. The abnormalities associated with these immortalized cells restrict the confidence value and number of lead molecules for drug development. The use of specialized primary culture models like hepatocytes, human umbilical endothelial cells, and keratinocytes offer limited usage due to their restricted expandability.
37-39
The need for an improved and uniform physiological response, normal genotype, and growth pattern has redirected drug discovery efforts towards stem cells. The possibility of isolating stem cells from a wide spectrum of tissues [1] [2] [3] [4] [5] [6] [7] [8] and growing them in vitro, as well as their ability to differentiate into a number of specialized cell types has provided an invaluable tool for drug/target discovery and validation. 40 The use of stem cells will not only bring drug discovery costs down, but also improve the chances of identifying leads with a target or pathway relevant to the disease process and with a stronger potential for translation to clinical settings.
Although stem cells offer huge potential in the field of pharmaceutical research, their immediate applicability in the field of drug discovery is limited due to a variety of factors. 
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For example, stem cells from different tissues are not the same, 19 and in vitro culture where the stem cells are flooded with growth factors is different from the microenvironment in which stem cells reside in vivo. 41, 42 Stem cells have a slower cell cycle than their progenitor cells in vivo, so the degree of sensitivity of readouts obtained in vitro may not be the same as in vivo. 41, 42 Stem cells isolated from tissues such as the liver, muscle, and adipose tissue have a limited ability to expand when compared with bone marrow-derived mesenchymal stem cells (Figure 2) . 19 In addition, stem cells derived from tissues like muscle and the liver lose their potential to differentiate upon repeated expansion, while undifferentiated hematopoietic stem cells expand poorly but can differentiate into all types of blood cells. 43, 44 Bone marrow-derived mesenchymal stem cells offer an attractive high throughput screening platform for new target/ drug discovery. These stem cells can be readily expanded in vitro and can be isolated from a variety of tissue sources, such as brain, lung, heart, muscle, and the umbilical cord. Bone marrow-derived mesenchymal stem cells have demonstrated scalability for drug screens and can be differentiated into neurons, adipocytes, muscle cells, chondrocytes, and osteocytes. These features of bone marrow-derived mesenchymal stem cells allow drug screens to be directed towards stem cell self-renewal, proliferation, differentiation, and a variety of disease-related drug discovery programs, eg, for cancer, obesity, diabetes, and central or peripheral nervous system disorders (Figures 1 and 3) . [45] [46] [47] [48] [49] The true power of stem cells in drug discovery programs will be fully realized when a readily expandable diverse panel of stem cells becomes available.
Cancer stem cells in drug discovery
Cancerous cells also exploit the same properties of selfrenewal and multipotency that make stem cells so attractive in regenerative medicine and drug discovery. Recent studies have identified a small unique population of cells known as cancer stem cells, or tumor-inducing cells, that reside in tumors. 50 These cells arise from oncogenic transformation of either stem cells or progenitor cells. Cancer stem cells or tumor-inducing cells have "stem-like" character, a slow proliferation rate, a high capacity for self-renewal, resistance to standard chemical/radiation therapy, and a propensity to differentiate into actively proliferating tumor cells. 50, 51 Cancer stem cells have been isolated from many tumor types, including brain, renal, colon, and prostate tumors, as well as hematopoietic cancers, and therapeutic strategies are being developed to target cancer stem cells for apoptosis or cell cycle arrest specifically and thereby eradicate tumors more effectively than current treatments. 51, 52 Cancer drug discovery programs have, to a large extent, employed immortalized cell lines or primary tumor tissue for in vitro assay. This approach has been largely unsatisfactory in developing effective therapeutics for cancer. Cancer drug discovery programs involving cancer stem cells as a platform offer a discovery process with a high degree of therapeutic efficiency. [53] [54] [55] This is particularly evident from the drug discovery process in leukemia. 53 The fact that cancer stem cells feed the cancer growth and promote resistance to existing chemotherapeutic drugs makes them candidate cells for drug discovery screens. [53] [54] [55] In cancer of the hematopoietic system, cancer stem cells have been well characterized in chronic myelogenous leukemia, acute myelogenous leukemia, and acute lymphoblastic leukemia. [56] [57] [58] Drug discovery programs targeting CD33 in acute myelogenous leukemia and the ABL kinase inhibitor, imatinib mesylate, in chronic myelogenous leukemia have been very effective. Biomarkers such as CD33 have been shown to be uniquely characteristic of the cancer stem cells of acute myelogenous leukemia, and efforts to design immunotherapy against such biomarkers are becoming very useful. 
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From the perspective of drug discovery and translational research, cancer stem cells provide a solid platform with significant implications for designing therapeutic approaches and developing long-term treatment (Figure 3) . 51, 52 It has to be noted that in vitro propagation of cancer stem cells does not mimic factors governing the microenvironment of cancer stem cells, such as hypoxia, 62 but they do offer a platform for evaluating drug screens with a higher degree of confidence, thereby facilitating preclinical trials and clinical trials of antitumor therapies. 54 Research reports indicating that cancer stem cells can be selectively targeted without harming normal stem cells offers a possibility to perform targeted drug discovery screens against cancer stem cells from different tumors.
63
Stem cells complement animal models in drug discovery
Stem cells have already received enormous attention for their potential in refining drug screens. Stem cell screens are a more cost-effective strategy than animal testing. They are also seen as a process of refining, reducing, and possibly replacing animal testing procedures. However, animal models offer a whole system setup for testing the effects and side effects of drugs. [64] [65] [66] It has to be noted that the response to drugs in animal models may not be the same as in humans. Animal models differ from those in humans in a number of ways. In particular, they do not reflect the ethnic diversity of humans and their response to drugs may be different to that seen in humans. In addition, animal models are costly and time-consuming. Stem cells offer an alternate platform to overcome the limitations of ethnic diversity, provide a uniform response to a drug which can correlate with the human response, and are cost-and time-effective. Unfortunately, the current status of stem cell research does not allow us to substitute for whole animal testing, as seen with animal models. However, stem cells are very promising substitutes in terms of single organ toxicity. 67 Embryonic or adult tissue-specific stem cells that can ultimately be grown into an entire human organ will be a gold standard for single organ drug testing.
Cell-based in vitro assays provide a scaffold to perform high throughput or high content screens (Figure 3 ), but [68] [69] [70] [71] Their small size, short generation time, relatively low cost of housing and maintenance, highly conserved molecular pathways, and availability of various genetic and biochemical tools have made it possible to include them in multistep drug screening processes. 69 The ease with which transgenics, overexpression, and mutation of proteins can be done, as well as the relatively simple genetic cascade involved have enabled their use in performing screens directed against Alzheimer's disease, Huntington's disease, oncogenic transformation, stem cell niche, metastases, neurodegeneration, apoptosis, and behavioral analyses. [72] [73] [74] [75] [76] These simple models offer a setup whereby a particular process such as neurodegeneration can be quickly screened. For example, a Drosophila Huntington's disease model and transgenic line provide an ideal in vivo system for not only examining mutant Huntington gene-mediated cellular defects, such as impairment of axonal transport, but also facilitate rapid assays for screening and validating potential treatment to alleviate the observed cellular defects. 77, 78 The relatively simple metabolic and genetic cascades and the long evolutionary separation from humans are major disadvantages limiting the use of these models in drug development research.
Differentiated cell
Oncogenic transformation O n c o g e n i c t r a n s f o r m a t i o n
Higher vertebrate models such as rabbits, dogs, monkeys, and rodents have been extensively used in drug safety testing. Among them, rodents are a very good complement to stem cell-based screening. The availability of knockins, conditional knockouts, and transgenic models forms a powerful support system to evaluate the in vivo response of various lead molecules identified in stem cell-based in vitro screens. 79, 80 The identification of a tissue-specific stem cell niche in rodent models 81 offers the advantage of developing screens directed towards manipulation of the stem cell microenvironment to aid in understanding and developing therapeutic strategies for various diseases, such as neurodegenerative disorders, stroke, organ transplant, brain trauma, wound healing, and cancer. Such screens have identified molecules that affect the progenitor pool size of the adult neural stem cell population. 82 However, the traditional methods of analysis in rodent models are slow and rely extensively on analyses of tissues collected from sacrificed animals. In recent years, teleost vertebrate models, in particular zebrafish and medaka, have become popular models for studying various aspects of developmental biology and genetics. Their rapid external development, transparency of embryos, husbandry, and large sample size are some of the advantages readily offered by these models. [83] [84] [85] The possibility of performing toxicity and efficacy screening of chemicals, pharmaceuticals, and pesticides that can be correlated in terms of human health risks are propelling this model as a choice for toxicological or pharmacological screens. Small molecule screening to identify and characterize a molecule that produces specific effects against various disease processes in humans has been successfully developed. 86, 87 The zebrafish (Danio rerio) has been more extensively used than the medaka (Oriyzas latipes), but both show a high degree of anatomical and physiological homology with that of other higher order vertebrates, and also have very similar cellular structure, signaling processes, and cognitive behavior. 86, 87 The collection of various mutant lines with defects in the development and function of the various metabolic processes, and the availability of various biochemical, molecular, and genetic techniques has facilitated the development of various in vivo drug screens targeting development, metabolism, and physiological conditions in terms of various human diseases.
88,89
Target identification and evaluation tools aiding stem cell-based drug discovery Drug discovery screens using stem cells are a new and immensely necessary resource (Figure 3) . The most commonly used screening process involves growing cells as a monolayer culture and exposing them to libraries of new chemical entities. The final readout in most of the high throughput scenarios is based on imaging. 90 Imaging-based screens are quick and can be automated with ease. Time-lapse assays can also be performed to understand the onset of the phenotype. Imaging-based readouts can simply employ bright field images to understand the impact of the compound on colony size, morphology, proliferation, and cell number. These image-based readouts can also be combined with immunofluorescence to test the expression/ inhibition of markers of interest. Commercially available assays, which use fluorescent readouts to measure cell proliferation, apoptosis, and toxicity, can be employed with relative ease in a high throughput screen scenario.
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Other methodologies, such as quantitative polymerase chain reaction and fluorescence-activated cell sorting, can be performed at a low to medium throughput screening level and offer wide endpoint assays, such as measuring cell cycle and proliferation, as well as quantifying expression of biomarkers at the RNA or protein level. Techniques such as microarrays, chip-sequencing, single cell illumina-based sequencing, and proteomic approaches, eg, affinity column purification and matrix-assisted laser desorption ionization time-of-flight mass spectrometry, can be used effectively as a high-end analysis for target identification and characterization of the lead compound (Figure 4) .
Applications of stem cells in drug discovery
One of the straightforward applications of stem cells lies in clarifying disease mechanisms and toxicity. Testing lead compounds for neuronal, hepatic, and cardiac toxicity would provide direct assessment of the effects and side effects of drugs. 25 Embryonic or tissue-specific stem cells from normal individuals and diseased patients can be obtained and differentiated in neurons, hepatocytes, or cardiomyocytes for toxicity testing. 95 In a scenario where stem cells are not available, somatic cells from normal individuals or diseased patients can be reprogrammed into induced pluripotent stem cells for further differentiation and toxicity testing. However, it has to be noted that the complete molecular nature of induced pluripotent stem cells has not been thoroughly evaluated, hence direct clinical translation of any screen done on induced pluripotent stem cells will not be possible in the near future. 96 In neurodegenerative conditions like Parkinson's disease, stroke, Alzheimer's disease, and Huntington's disease, stem cell-based drug discovery programs will transform the way in which therapies are discovered and designed. 19, 95 Screens aimed at enriching stem cell populations or directing their differentiation into a particular cell type would be immensely beneficial in faster recovery from disease ( Figure 3) . Currently, various screens to isolate lead molecules capable of increasing the proliferation of stem cells, while preserving their "stem-like" properties and screens aimed at directed differentiation of stem cells are being performed in vitro. 40 The recent development of technology that allows the reprogramming of somatic cells into induced pluripotent stem cells presents an opportunity to conduct screens on induced 
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Dovepress pluripotent stem cells derived from patients with the aim of finding lead molecules that delay the onset of disease, speed up the recovery process, or possibly cure the disease. 97 Stem cells or induced pluripotent stem cells could also act as transport agents for delivery of small molecules, therapeutic agents, or the correct version of a diseased gene in patients. [98] [99] [100] Screens aimed at cancer stem cells would not only help us in designing better therapy, but also enable discovery of molecules that could result in a long-term disease-free state. 101 It is very realistic to imagine creating normal or disease-specific human stem cell panels to aid in efforts for screening, discovery, and development of drugs.
Conclusion
In conclusion, stem cells (both normal and cancerous) are a valuable tool in the drug discovery process. They enable rapid identification of therapeutically useful molecules that can modulate normal and tumorigenic stem cell behavior (Figure 4 ). Although the direct clinical applications of human embryonic stem cells are limited due to ethical concerns and the potential for teratoma formation, they can still be heavily exploited as a tool in various high content screens directed towards self-renewal, multipotency, and differentiation. The identification of tissue-specific stem cells, cancer stem cells, and the recent development of induced pluripotent stem cells, offers an attractive opportunity for developing drug screens aimed at various human disease states. Drug screens and stem cell research have the potential to develop novel cellular and gene therapies that could be directly applied in the clinical treatment of various genetic and degenerative disorders.
